ABSTRACT Kainic acid-induced neuron loss in the hippocampal dentate gyrus may cause epileptogenic hyperexcitability by triggering the formation of recurrent excitatory connections among normally unconnected granule cells. We tested this hypothesis by assessing granule cell excitability repeatedly within the same awake rats at different stages of the synaptic reorganization process initiated by kainate-induced status epilepticus (SE). Granule cells were maximally hyperexcitable to afferent stimulation immediately after SE and became gradually less excitable during the first month post-SE. The chronic epileptic state was characterized by granule cell hyperinhibition, i.e., abnormally increased paired-pulse suppression and an abnormally high resistance to generating epileptiform discharges in response to afferent stimulation. Focal application of the ␥-aminobutyric acid type A (GABA A ) receptor antagonist bicuculline methiodide within the dentate gyrus abolished the abnormally increased paired-pulse suppression recorded in chronically hyperinhibited rats. Combined Timm staining and parvalbumin immunocytochemistry revealed dense innervation of dentate inhibitory interneurons by newly formed, Timm-positive, mossy fiber terminals. Ultrastructural analysis by conventional and postembedding GABA immunocytochemical electron microscopy confirmed that abnormal mossy fiber terminals of the dentate inner molecular layer formed frequent asymmetrical synapses with inhibitory interneurons and with GABA-immunopositive dendrites as well as with GABA-immunonegative dendrites of presumed granule cells. These results in chronically epileptic rats demonstrate that dentate granule cells are maximally hyperexcitable immediately after SE, prior to mossy fiber sprouting, and that synaptic reorganization following kainate-induced injury is temporally associated with GABA A receptor-dependent granule cell hyperinhibition rather than a hypothesized progressive hyperexcitability. The anatomical data provide evidence of a possible anatomical substrate for the chronically hyperinhibited state. J. Comp. Neurol. 494:944 -960, 2006. 
Injury-induced hippocampal neuron loss and synaptic reorganization are hypothesized to underlie the epileptogenic process that results in acquired temporal lobe epilepsy (Chang and Lowenstein, 2003) . In the hippocampal formation, which is one likely source of seizures in human patients (Falconer and Taylor, 1968; Spencer, 2002) , vulnerable dentate hilar mossy cells normally innervate both dentate granule cells (Buckmaster et al., 1996; Wenzel et al., 1997) and inhibitory neurons (Seress and Ribak, 1984; Deller et al., 1994) . The death of mossy cells (Sloviter, 1987; Sloviter et al., 2003) , or their axotomy (Blackstad, 1956) , triggers a process of synaptic reorganization called mossy fiber sprouting (Nadler et al., 1980; Laurberg and Zimmer, 1981; Frotscher and Zimmer, 1983) . The pathophysiological effects of synaptic reorganization are unclear (Parent and Lowenstein, 1997) but are presumably mediated by the abnormal synaptic connections that granule cells newly form with surviving mossy cell target neurons that were partially deafferented by mossy cell degeneration. Thus, hypotheses have focused on abnormal granule cell-granule cell connections ("excitatory" sprouting; Tauck and Nadler, 1985) and abnormal granule cellinterneuron connections ("inhibitory" sprouting; Sloviter, 1992; Kotti et al., 1997; Harvey and Sloviter, 2005) .
In vivo and in vitro studies of animals subjected to prolonged status epilepticus (SE) indicate that granule cell hyperexcitability is the main pathophysiological feature observed during the early period post-SE (Sloviter and Damiano, 1981; Sloviter, 1983 Sloviter, , 1987 Sloviter, , 1992 Tauck and Nadler, 1985; Klitgaard et al., 2002) . Conversely, abnormally increased granule cell inhibition is consistently found during the chronic epileptic state (Sloviter, 1992; Buckmaster and Dudek, 1997; Wu and Leung, 2001; Gorter et al., 2002; Harvey and Sloviter, 2005) . In contrast with the in vivo studies cited above, most in vitro studies have focused on the pathophysiological features of hippocampal slices revealed by incubation of slices in bicuculline (Cronin et al., 1992; Wuarin and Dudek, 1996; Molnar and Nadler, 1999) or elevated potassium (Patrylo and Dudek, 1998; Hardison et al., 2000) . The results of these studies have been widely interpreted as indicating that mossy fiber sprouting is essentially excitatory and epileptogenic, even though hippocampal slices from epileptic rats that were incubated in normal medium exhibited intact granule cell inhibition (Cronin et al., 1992) . Given the interpretive problems inherent in using anesthesia for in vivo analyses, or bicuculline or nonphysiological media for in vitro studies, hippocampal granule cell excitability remains to be assessed sequentially in vivo within the same awake, epileptic rats at different stages of the process of injury and synaptic reorganization initiated by kainate-induced SE.
Unresolved anatomical issues are also evident. Ultrastructural studies of kainate-treated rats have reported the formation of new synaptic connections between aberrant mossy fibers and both granule cells (Represa et al., 1993; Okazaki et al., 1995; Wenzel et al., 2000; Buckmaster et al., 2002; Cavazos et al., 2003) , and inhibitory interneurons (Kotti et al., 1997; Wenzel et al., 2000; Buckmaster et al., 2002; Cavazos et al., 2003) . However, one recent study of the synaptic connections formed by individual granule cell axons concluded that the relative rarity with which each aberrant granule cell axon contacted an inhibitory interneuron indicated that aberrant connections between granule cells and inhibitory interneurons are probably physiologically inconsequential (Buckmaster et al., 2002) . However, many individual granule cell axons undoubtedly converge upon the relatively few inhibitory interneurons present, thereby producing the dense Timmpositive innervation of inhibitory interneurons that is evident at the light microscopic level (Sloviter, 1992; Kotti et al., 1997) . Because a convergent input of many aberrant granule cell axons to inhibitory interneurons would be unavoidably missed by counting only the number of synaptic connections formed by individual granule cell axons (Buckmaster et al., 2002) , we hypothesized that a dense convergent input to inhibitory interneurons might be confirmed ultrastructurally if inhibitory interneurons were first identified and their synaptic inputs were then analyzed.
This study has addressed these two unresolved issues. First, we assessed granule cell excitability repeatedly within the same awake, chronically implanted epileptic rats at successive stages of the cell death/synaptic reorganization process initiated by kainate-induced SE and determined the time course of the changes in excitability. Second, we identified inhibitory interneurons in chronically epileptic, mossy fiber-sprouted rats by conventional and postembedding ␥-aminobutyric acid (GABA) immunocytochemical electron microscopy and determined whether aberrant mossy fiber terminals formed frequent synaptic contacts with GABAergic interneurons, as well as with granule cells.
MATERIALS AND METHODS

Animal treatment
Fifty-seven male Sprague-Dawley rats (12 salinetreated and 45 kainate-treated rats), weighing 350 -450 g, were used in this study and were treated in accordance with the guidelines of the National Institutes of Health for the humane treatment of animals and those of the University of Arizona Institutional Animal Care and Use Committee.
Implantation of chronic stimulating and recording electrodes for awake recording
With animals under buprenorphine (0.05 mg/kg sc) analgesia and urethane (1.25 g/kg sc) anesthesia, the surgical area was shaved and cleaned with povidone-iodine. A midline incision exposed the skull, into which six stainless steel screws were inserted. Bipolar stainless steel stimulating electrodes (Rhodes Medical Instruments, Summerland, CA) were placed bilaterally in the angular bundles of the perforant pathway (ϳ4.5 mm lateral from the midline suture and immediately rostral to the lambdoid suture). Unipolar recording electrodes, fabricated from Tefloncoated 0.003-in.-diameter stainless steel microwires (No. 7910; A-M Systems, Inc., Carlsborg, WA) were lowered into the brain bilaterally (ϳ2 mm lateral from the midline, ϳ3 mm caudal to bregma, and 3.5 mm below the brain surface). Final tip locations in the granule cell layer were reached by optimizing the potentials evoked by perforant pathway stimulation (Andersen et al., 1966) . A layer of dental acrylic cement attached the electrodes to the screws and skull. Plastic connectors (Ginder Scientific, Ottawa, Ontario, Canada) were fitted to the electrodes and then embedded in acrylic cement to form a mechanically stable cap. Antibacterial gel was applied at the sur-gical margin, and animals were kept warm until they were ambulatory. Experiments began at least 1 week postimplantation. Electrophysiological testing of awake animals utilized stimuli (0.1-msec duration) generated by a Master 8 stimulator and stimulus isolation unit (Armon MicroProcessor Instruments, Jerusalem, Israel). Potentials were amplified and recorded digitally at a 10-kHz sampling rate (AD Instruments, Mountain View, CA) on microcomputers (Apple Computer Inc., Cupertino, CA).
SE induced by kainic acid injection
Chronically implanted rats were briefly anesthetized with ether, and a small incision was made in the skin overlying the saphenous vein, into which kainic acid (KA) was injected (9 mg/kg; 10 mg/ml saline; Ocean Produce International, Shelburne, Canada). A single stainless steel staple closed the incision. These chronically implanted animals were used to assess granule cell excitability at different periods after SE and for the light microscopic studies of hilar cell loss and Timm staining in epileptic rats. Initially naive, unimplanted rats were used for the ultrastructural studies (to avoid the physical damage produced by chronically implanted electrodes), and these rats received kainate (12 mg/kg) subcutaneously. Rectal temperature was monitored intermittently during SE, and hyperthermia was prevented by using fans. All kainate-treated rats allowed to survive more than 1 month after SE were observed to exhibit spontaneous behavioral seizures, although monitoring was not performed systematically.
Several previous ultrastructural studies have failed to find abnormally large mossy fiber terminals in the inner molecular layer of the dentate gyrus post-SE (Okazaki et al., 1995; Wenzel et al., 2000; Buckmaster et al., 2002; Cavazos et al., 2003) , possibly as a result of less than dense mossy fiber sprouting in kainate-treated rats (as illustrated in Cavazos et al., 2003) caused by incomplete hilar mossy cell loss, which is the presumed trigger for mossy fiber sprouting. We regarded the presence of abnormally large presynaptic terminals in the inner molecular layer (Represa et al., 1993; Zhang and Houser, 1999) to be a required criterion for concluding that presynaptic elements were aberrant mossy fiber terminals. Therefore, KA-treated animals were assessed electrophysiologically 3 days post-SE, as previously described (Sloviter, 1992) . This was done to identify and select rats that exhibited granule cell hyperexcitability, i.e., multiple granule cell spiking and decreased paired-pulse suppression (as shown in Fig. 2B1 of Sloviter, 1992) , because these acute electrophysiological features are reliable indicators of extensive hilar neuron loss (Zappone and Sloviter, 2004) , as well as predictors of dense mossy fiber sprouting (Sloviter, 1992) .
Focal application of bicuculline in the dentate granule cell layer
To determine whether abnormally increased pairedpulse suppression in granule cells of chronically epileptic rats was GABA A receptor-dependent, we utilized a glass recording microelectrode containing 10 mM bicuculline methiodide (BMI; Sigma Chemical Co., St. Louis, MO) dissolved in saline, as described in detail previously (Zappone and Sloviter, 2004) . In this method, BMI diffuses passively from the electrode tip located within the dentate granule cell layer of urethane-anesthetized rats and disinhibits a small region of the granule cell layer, as indicated by c-Fos expression (Zappone and Sloviter, 2004) .
Perfusion-fixation and tissue treatment
Rats were anesthetized with urethane and perfused through the aorta by gravity-feed via one of two fixation protocols. One protocol, which preserves peptide immunoreactivity optimally and precipitates synaptic zinc for subsequent Timm staining (Sloviter, 1982) , involved perfusion with saline for 2 minutes, followed by 0.1% sodium sulfide (Sigma) in 0.1 M phosphate buffer (pH 7.4) for 1 minute, followed by saline for 1 minute, followed by 4% paraformaldehyde (Sigma) in 0.1 M phosphate buffer (pH 7.4) for 10 minutes. The other fixation protocol, optimal for preserving GABA immunoreactivity and structure for electron microscopy, consisted of saline for 2 minutes, followed by 1% paraformaldehyde/1.5% purified glutaraldehyde (Ladd Research, Williston, VT) in 0.1 M phosphate buffer (pH 7.4) for 10 minutes. After storage of the intact rats overnight at 4°C, brains were removed from the skull and placed in perfusate. Sectioning was always performed on the day of removal of the brain from the skull.
For routine histological analysis and immunocytochemistry, 40-m-thick coronal sections were cut in 0.1 M Tris (hydroxymethyl) aminomethane buffer, pH 7.6, with a Vibratome. Regularly spaced sections were mounted on subbed slides for subsequent Nissl (1% cresyl violet) staining. After staining, all slides were dehydrated in graded ethanols and xylene and then coverslipped with Permount.
Immunocytochemistry protocol
Sections were mounted on Superfrost Plus slides, air dried, and placed in 0.1 M Tris buffer, pH 7.6 (Tris). Slides were then immersed in 85-87°C Tris for 1 minute, washed in Tris, and placed in Tris containing 0.25% bovine serum albumin (BSA; fraction V; Sigma) and 0.1% Triton X-100. Slides were incubated overnight in the following primary antibody solutions: 1) rabbit antiglutamate receptor subunit 2 (diluted 1:2,000; AB1768; lot No. 22070361; Chemicon, Temecula, CA); this antiserum was raised against the peptide sequence VAKNPQNINPSSSQNS (amino acids 827-842 of the rat GluR2 subunit), which was conjugated to BSA through a cysteine added to the C-terminus of the peptide (Petralia et al., 1997) ; this antiserum was previously shown to be specific for the GluR2 subunit, and its staining characteristics were prevented by adsorption with the synthetic peptide against which it was raised (Petralia et al., 1997) ; 2) mouse anti-NeuN (diluted 1:10,000; MAB377; lot No. 22021251; Chemicon); antiNeuN was raised against purified cell nuclei from mouse brain, and it recognizes two or three bands in Western blots in the 46 -48 kDa range, and possibly another band at approximately 66 kDa, which constitutes unknown nuclear proteins; 3) mouse antiparvalbumin (diluted 1:1,000,000; P3171; lot No. 68F4806; Sigma); this antiserum was raised against parvalbumin purified from carp muscle and reacts specifically with parvalbumin of cultured nerve cells and tissue originating from human, monkey, rat, mouse, chicken, and fish. Immunocytochemical controls included omission of primary antibodies, which eliminated all specific immunostaining.
All antisera were diluted in the same Tris-BSA-Triton X buffer. After primary antibody incubation, slides were washed in Tris-BSA-Triton X buffer, pH 7.6 (2 ϫ 5 min-utes minimum). Slides were incubated in biotinylated secondary antibody solution (1:2,000 dilution of goat antimouse; Vector, Burlingame, CA) in Tris-BSA-Triton X buffer for 2 hours, washed in the same buffer, and then incubated for 2 hours in avidin-biotin-HRP complex (Vector Elite kit diluted 1:1,000 in Tris-BSA-Triton X buffer). Slides were then washed in Tris (3 ϫ 5 minutes minimum) and incubated in a hydrogen peroxide-generating diaminobenzidine (DAB) solution (100 ml Tris containing 50 mg DAB, 40 mg ammonium chloride, 0.3 mg glucose oxidase, and 200 mg ␤-D-glucose). After incubation in DAB solution (20 -30 minutes), slides were rinsed in Tris, dehydrated in graded ethanols and xylene, and coverslipped with Permount.
Light microscopic imaging methods
Brightfield images were acquired digitally on a Nikon E800M microscope with a Hamamatsu C5180 camera. Adobe Photoshop 7.0 was used to acquire images and optimize contrast and brightness but not to enhance or change the image content. For comparison photographs, all tissue sections were photographed under identical conditions of exposure, and any changes made in brightness or contrast were applied uniformly to all photographs.
Electron microscopic methods
For conventional electron microscopy, 800-m-thick sections (two or three per animal) from the dorsal hippocampal region between sections 33 and 41 in the atlas of Paxinos and Watson (1998) were cut with a Vibratome in 0.1 M Tris buffer, pH 7.6, rinsed in 0.1 M cacodylate buffer, pH 7.4, postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 90 minutes, rinsed in 0.1 M cacodylate buffer for 10 minutes, rinsed in distilled H 2 0 for 10 minutes, and stained en bloc in 1% uranyl acetate for 90 minutes. Sections were dehydrated in ethanol, cleared with propylene oxide, and infiltrated in 1:1 and then in 1:3 propylene oxide/LX112 Epon (Ladd Research) for 2 hours each before going into 100% LX112 for three changes over 2 days. Polymerization took place in a 60°C oven for 60 hours. Blocks were trimmed, sectioned at a thickness of 0.5 m, and stained with toluidine blue for light microscopy. Ultrathin sections of 60 -90 nm were cut on a Reichert Ultracut microtome and picked up on parlodioncoated, carbon-shadowed, 1-mm ϫ 2-mm slot grids. Grids were stored in a Hiroaka grid holder before poststaining with 4% uranyl acetate in 40% ethanol and Reynold's lead citrate. Sections were examined and photographed in a JEOL 100SX electron microscope at an accelerating voltage of 80 kV.
All the preceding methods were performed in the laboratory of the first author (R.S.S.), and the results are illustrated in Figures 1-6 . For an additional blinded analysis by conventional electron microscopy, and the experiments involving postembedding GABA immunocytochemical electron microscopy, the same control and experimental tissue blocks were sent to the last author (M.F.), in whose laboratory the methods described below were conducted. These results are presented in Figure 7 .
Postembedding immunogold labeling for GABA
Postembedding immunogold labeling for GABA was performed by using a modified protocol of the procedure described by Somogyi and Hodgson (1985) . Briefly, thin sections (80 -90 nm) were cut on a Reichert Ultracut S microtome and picked up on nickel grids (1 mm ϫ 2 mm slot grids). Immunostaining was done with droplets of Millipore-filtered solutions in humid Petri dishes. Grids were immersed in a solution of 0.05 M glycine and 0.1% NaBH 4 for 10 minutes, preincubated in 2% human serum albumin (HSA; Sigma) in 0.05 M Tris-buffered saline (TBS; pH 7.6) containing 0.1% Triton X-100 (TBST; pH 7.6), and then incubated in rabbit anti-GABA diluted 1:5,000 in 2% HSA for 2 hours (product No. A-2052, lot No. 021H4803; Sigma). This antiserum was raised in rabbit by using GABA conjugated to bovine serum albumin as the immunogen, followed by affinity purification. After rinsing in TBST and incubating in 2% HSA in TBST for 10 minutes, the grids were placed in secondary antibody for 2 hours (goat anti-rabbit IgG-coated colloidal gold, 10 nm, diluted 1:20 in TBST; Aurion, Wageningen, The Netherlands). The grids were then washed in distilled water and stained with 1% uranyl acetate and Reynold's lead citrate. In control experiments, the primary GABA antibody was omitted; no labeling occurred under these conditions. Sections were viewed in a Zeiss 109 electron microscope and photographed with Macophot Ort 25 film (70 mm).
RESULTS
Experiment 1: granule cell behavior during and after kainate-induced SE
Fourteen rats were used in this experiment (four salinetreated and 10 kainate-treated rats). We repeatedly assessed granule cell responses to afferent (perforant pathway) stimulation at different periods (1-7, 14, 21, and 28 days) after kainate-induced SE in the same awake, chronically implanted animals. All 14 rats tested prior to saline or kainate injection exhibited single population spikes and intact paired-pulse suppression in response to perforant pathway stimulation at 0.1 Hz (Fig. 1A1 ). Granule cell epileptiform discharges during KA-induced behavioral SE were highly variable; rats that exhibited only occasional granule cell epileptiform discharges (n ϭ 5) were eliminated from the study, because a previous analysis of KAtreated rats had shown that rats that generated granule cell epileptiform discharges intermittently during SE subsequently exhibited minimal granule cell hyperexcitability as well as minimal hilar neuron loss (Sloviter et al., 2003) . Conversely, the five kainate-treated rats that exhibited granule cell epileptiform discharges during greater than ϳ65% of the 4 hour recording period during SE subsequently exhibited multiple population spikes and minimal paired-pulse suppression in response to afferent stimuli throughout the first week after SE (Fig. 1A2,3 ). Over the subsequent weeks, the same five awake rats exhibited a gradual restoration of paired-pulse suppression and a reduction in the number of population spikes evoked by identical 0.1-Hz perforant pathway stimuli (Fig.  1A4 ). The graph in Figure 1B presents the quantitative data from the paired-pulse stimulation tests from 1-28 days post-SE in all five kainate-treated rats tested, compared with four saline controls. These data show that the initially diminished paired-pulse suppression evident at a constant 40-msec interpulse interval partially recovered gradually between 7 and 28 days post-SE.
Experiment 2: granule cell excitability >2months post-SE
Next, we assessed granule cell excitability Ͼ2 months post-SE in different kainate-treated rats that exhibited acute granule cell hyperexcitability under urethane anesthesia 3 days post-SE, as previously described (Sloviter, 1992) , and all of which became chronically epileptic. These animals (three saline-treated and four kainate-treated rats) were allowed to survive for 2 months after saline or kainate treatment, prior to chronic implantation. The early post-SE evaluation of granule cell excitability was made acutely by using glass microelectrodes to identify rats that would subsequently exhibit dense mossy fiber sprouting and to avoid the presence of chronically implanted electrodes throughout the post-SE period, which might influence chronic granule cell excitability or the epileptogenic process. Compared with responses in the three saline-treated controls, two characteristics of granule cell excitability were consistently altered in all four kainate-treated rats. These were: 1) increased pairedpulse suppression of the granule cell population spike evoked by perforant path stimulation and 2) elevated seizure discharge threshold in response to increasing frequencies of afferent stimulation. In all awake, salinetreated control animals tested, the first of two identical afferent stimuli delivered at 0.1 Hz evoked largeamplitude population spikes and second responses that exhibited fully suppressed population spikes at an interpulse interval of 20 msec (ratios of second-to-first spike amplitudes ϭ 0). At interpulse intervals of 40 and 60 msec, the average suppression of the second population spike in control animals stimulated at 0.1 Hz was 94% (40 msec) and 30% (60 msec), respectively (Fig. 1C) . At longer interpulse intervals (80 and 100 msec), second population spike amplitudes in controls exhibited potentiation (Fig .   Fig. 1 . Dentate granule cell pathophysiology in awake, freely moving rats after kainate-induced status epilepticus (SE). A: Granule cell potentials evoked by paired-pulse stimulation of the perforant pathway at 0.1 Hz. A1: In a normal rat prior to kainate injection, afferent stimulation evoked a single granule cell population spike (arrow), which inhibited the response to the second of two identical stimuli (asterisk), illustrating paired-pulse suppression at an interpulse interval of 40 msec. A2: Four days post-SE in the same animal, granule cell responses to identical afferent stimuli exhibited multiple population spikes and a failure of paired-pulse suppression. A3: Hyperexcitable responses were evident throughout the week after kainateinduced SE, and paired-pulse suppression was not restored 7 days post-SE. A4: Twenty-eight days post-SE; note increased paired-pulse suppression of the second population spike (asterisk) compared with the responses to identical afferent stimuli in the same animal at 4 and 7 days post-SE. However, granule cells still responded abnormally to afferent stimulation by generating multiple population spikes in response to the first afferent stimulus. B: Gradual restoration of pairedpulse suppression evoked by 0.1-Hz perforant pathway stimulation. Compared with the responses in four saline-treated control rats, five kainate-treated rats exhibited decreased paired-pulse suppression (measured at a 40-msec interpulse interval) throughout the first week post-SE. Paired-pulse suppression recovered gradually over the subsequent 3 weeks. C: Augmented granule cell paired-pulse suppression in chronically epileptic kainate-treated rats Ͼ60 days post-SE. Percentage paired-pulse suppression (ratio of the amplitudes of two evoked population responses) of saline-treated control rats (n ϭ 3) and chronically epileptic kainate-treated rats (n ϭ 4) at different interpulse intervals (20 -100 msec). Note that in KA-treated rats pairedpulse suppression exists at interpulse intervals at which all control animals exhibited paired-pulse potentiation (*P Ͻ 0.05). All rats were implanted with chronic electrodes after the kainate-treated rats were chronically epileptic (Ͼ60 days postkainate or postsaline treatment). This was done to assess granule cell excitability in the chronic epileptic state without the possibility that the presence of electrodes could have influenced the epileptogenic process. 1C). In contrast to the normal responses observed in saline-treated controls, all four kainate-treated rats exhibited abnormally elevated paired-pulse suppression at all interpulse intervals (20 -100 msec) tested in response to 0.1-Hz perforant pathway stimulation (Fig. 1C) .
Finally, the threshold for generating granule cell seizure discharges in awake animals was determined by recording the responses of granule cells to progressively increasing afferent stimulus frequencies. All three control animals exhibited a normal collapse of paired-pulse suppression and conversion to granule cell epileptiform behavior at a stimulus frequency of 1 Hz, at 60 -100-msec interpulse intervals. In contrast, all four awake kainatetreated rats failed to generate epileptiform discharges in response to afferent stimulation at 1 or 2 Hz and did not exhibit the transition from normally suppressed responses to epileptiform granule cell discharges until the stimulus frequency was increased to 3 Hz (n ϭ 2) or 5 Hz (n ϭ 2). Thus, awake, chronically epileptic, kainate-treated rats consistently exhibited abnormally increased and prolonged granule cell paired-pulse suppression and abnormally increased seizure discharge thresholds in response to orthodromic afferent stimulation. These results indicating chronic granule cell hyperinhibition in awake kainatetreated rats are consistent with previous in vivo findings in anesthetized kainate-treated rats (Sloviter, 1992; Buckmaster and Dudek, 1997; Wu and Leung, 2001 ) and awake pilocarpine-treated rats (Harvey and Sloviter, 2005) . These in vivo data are also consistent with in vitro results indicating that granule cell inhibition is intact when hippocampal slices from chronically epileptic, kainate-treated rats are incubated in normal medium (Cronin et al., 1992) .
Experiment 3: focal application of bicuculline in hyperinhibited, chronically epileptic rats
This experiment utilized three saline-treated and eight kainate-treated rats. The dependence of the observed granule cell hyperinhibition on GABA A receptor activation was addressed in a separate group of eight chronically epileptic, unimplanted kainate-treated rats by utilizing passive diffusion of the GABA A receptor antagonist bicuculline from the tip of a glass microelectrode (Zappone and Sloviter, 2004) . Abnormally increased paired-pulse suppression and increased seizure discharge thresholds (described above), were verified in eight kainate-treated rats 8 -9 weeks post-SE by using a saline-filled recording electrode. Replacement of the saline-filled electrode with a similar glass electrode containing 10 mM bicuculline methiodide (Sloviter and Brisman, 1995; Zappone and Sloviter, 2004 ) rapidly reversed the paired-pulse suppression produced by afferent stimulation at 0.1 and 1.0 Hz, at all interpulse intervals tested (40 -100 msec) and in all rats tested. Within seconds of insertion, the loss of pairedpulse suppression was followed by multiple population spikes and epileptiform discharges in response to a stimulus frequency (1 Hz) that was always subthreshold for evoking epileptiform discharges in chronically epileptic, kainate-treated rats. The transition from inhibited to disinhibited responses in these chronically epileptic kainatetreated rats was as illustrated and described previously, in a study in which the identical experiment was performed in kainate-treated rats tested 3 days post-SE (shown in Fig. 4B of Zappone and Sloviter, 2004) . Thus, both the residual paired-pulse suppression present 3 days post-SE and the abnormally increased paired-pulse inhibition present during the chronic epileptic state were abolished by passive, focal diffusion of bicuculline directly within the region of the granule cell layer from which the hyperinhibited responses to afferent stimulation were recorded.
Experiment 4: combined Timm staining and parvalbumin immunocytochemistry in kainate-treated rats
This experiment involved anatomical analysis of four saline-treated rats and two kainate-treated, chronically implanted rats from experiments 1 and 2 described above, plus an additional nine unimplanted kainate-treated rats (three perfusion fixed 7 days post-SE and six perfusion fixed 17-27 days post-SE). Histological analysis confirmed that frequent granule cell epileptiform discharges during SE were consistently associated with extensive hilar neuron loss ( Fig. 2A,B) , as previously described (Sloviter et al., 2003) . Timm staining revealed that sparse mossy fiber sprouting was detectable 7 days post-SE (arrows in Fig.  2C1 ) and that this was consistently less dense than that observed 28 days post-SE (arrows in Fig. 2B3 ). The sparse mossy fiber sprouting observed 7 days post-SE was exploited for a qualitative analysis of presumed mossy fiber target cells because the dense mossy fiber sprouting present Ͼ1 month post-SE obscured the field. In control animals perfused, sectioned, and Timm-stained in parallel with the kainate-treated rats, the somata and proximal dendrites of granule cell layer interneurons were prominently outlined by Timm-positive fibers (Fig. 2C2) , as previously described (Ribak and Peterson, 1991; BlascoIbanez et al., 2000) . Few Timm-positive elements were observed to extend into the inner molecular layer of saline-treated control animals ( Fig. 2C2 ; n ϭ 4). Conversely, kainate-treated rats (n ϭ 5; two physiologically monitored rats from the group of five rats described above and three additional unimplanted, kainate-treated rats) exhibited a consistently increased density of Timmpositive elements in the inner molecular layer 7 days post-SE, some of which prominently outlined interneuron dendrites (arrows in Fig. 2C3 ) to an extent not seen in the saline controls (Fig. 2C2) .
Six unimplanted kainate-treated animals were perfusion fixed during the early post-SE period (17-27 days post-SE). Combined parvalbumin immunocytochemistry and Timm staining confirmed that the abnormal Timmstained elements in the dentate inner molecular layer surrounded and outlined the somata and dendrites of parvalbumin-positive inhibitory interneurons of the granule cell and molecular layers (Fig. 3) . In these animals with submaximal mossy fiber sprouting, apparent termination of Timm-positive terminals on PV-positive inhibitory interneurons was a consistent and prominent feature. In addition, at the outer border of the inner and middle molecular layers, the few Timm-positive elements present often appeared to contact PV-positive inhibitory interneurons exclusively, in that the only visible Timm-positive terminals present at the border were in apparent contact with PV-positive dendrites (arrows in Fig. 3A2,E,G,I ). The two most obvious examples are shown in Figure 3A2 ,E (arrows), in which the Timm-positive terminals appear to leave the main mossy fiber terminal lamina in the inner molecular layer and terminate on PV-positive dendrites at the outer margins of the main mossy fiber termination zone.
Experiment 5: ultrastructural analysis of kainate-treated rats
To avoid the pathology produced by chronically implanted electrodes, we used 16 unimplanted rats for the ultrastructural studies (two saline-treated and 14 KAtreated rats). Four of the 14 kainate-treated rats assessed physiologically by using glass microelectrodes under urethane anesthesia 3 days post-SE exhibited acute granule cell hyperexcitability in response to perforant pathway stimulation (multiple population spikes and decreased paired-pulse suppression, as shown in Fig. 1A2 ). These four kainate-treated rats and two saline-treated controls were allowed to survive for 10 weeks post-SE, during which all four kainate-treated rats became chronically epileptic. Only rats exhibiting early granule cell hyperexcitability were used for this ultrastructural analysis, because acute granule cell hyperexcitability and extensive hilar neuron loss are closely correlated (Sloviter, 1991; Sloviter et al., 2003) , and the dense mossy fiber sprouting that follows extensive hilar neuron loss (Sloviter, 1992) was a necessary condition of the experimental design.
We took two ultrastructural approaches to determine whether mossy fiber sprouting in the inner molecular layer of the dentate gyrus involved synaptic connections between aberrant granule cell axons and inhibitory interneurons. First, we examined ultrathin sections of the den- Fig. 2 . Dentate gyrus pathology after kainate-induced status epilepticus (SE). A1: Normal immunostaining of the neuronal marker NeuN in a saline-treated control animal, showing the neuronal populations of the normal dentate gyrus, which include granule cells of the granule cell layer (sg, stratum granulosum) and scattered neurons of the hilus (h). A2: Normal immunostaining of subunit 2 of the glutamate receptor (GluR2). A3: The Timm-stained dentate gyrus of the same saline-treated control animal (darkfield illumination), showing the normal zinc-positive terminals of the inner molecular layer (arrows), which derive from the mossy cell innervation of this layer (Sloviter, 1982) . B: Immunostaining and Timm stain 28 days post-SE.
B1,2: Note extensive loss of NeuN and GluR2 immunostaining of hilar (h) and CA3 pyramidal cells (CA3) compared with the control in A. B3:
After extensive hilar neuron loss, Timm staining reveals the formation of dense mossy fiber sprouting in the inner molecular layer (arrows), which replaces the lost mossy cell axon plexus to this lamina. C1: Seven days post-SE, detectable, but submaximal, mossy fiber sprouting is evident. C2: In a control animal, Timm-positive elements surround and outline the soma and dendrites of a granule cell layer interneuron (arrow), but there are relatively few Timm-positive elements in the inner molecular layer (iml). C3: In coprocessed sections from a kainate-treated rat 7 days post-SE, early mossy fiber sprouting is evident throughout the inner molecular layer, outlining the soma and dendrites (arrows) of an interneuron of the granule cell layer. Scale bar ϭ 25 m in C3 (applies to C2,C3); 100 m for A1-A3,B1-B3,C1. tate gyrus from control and kainate-treated animals and searched for interneuron somata in the granule cell layer that were sectioned in a plane that contained both the soma and a traceable apical dendrite. In this way, we could identify granule cell layer interneuron somata and then examine the synaptic input to their dendrites in the inner molecular layer. Granule cell layer interneuron somata were differentiated from surrounding granule cells on the basis of their location at the base of, or within the granule cell layer, and their characteristic morphological features (Ribak and Anderson, 1980) . Second, we examined sections subjected to postembedding GABA immunocytochemistry to identify GABA-immunoreactive postsynaptic targets of abnormally large presynaptic terminals in the neuropil of the inner molecular layer.
Conventional electron microscopy
In ultrathin sections of control tissue, eight interneurons in sections from two saline controls (five cells in one animal and three cells in the other rat) exhibiting the morphological features of dentate basket cells (Ribak and Anderson, 1980) were identified, and their dendrites were followed into the inner molecular layer. These neurons of control animals received presynaptic input from small boutons on both their somata and their dendrites, as illustrated in Figure 4A . A similar qualitative analysis of the granule cell layers in sections from chronically epileptic, kainate-treated rats also found interneurons that appeared similar to those in control tissue with respect to their innervation by relatively small boutons. However, other granule cell layer interneurons in the same four kainate-treated rats, which exhibited the morphological features of dentate basket cells, possessed a density and pattern of presynaptic input that was not observed in control tissue. In five cases in which granule cell layer interneurons were sectioned in a plane that permitted the proximal dendrite to be followed into the inner molecular layer (one interneuron in each of three kainate-treated rats and two interneurons in the fourth animal), the somata and proximal dendrites of these interneurons were densely covered with large presynaptic terminals that exhibited the morphological features of mossy fiber terminals (Figs. 4, 5) . A qualitative analysis of synaptic structure in the neuropil of the mossy fiber termination zone in the inner molecular layer also revealed obvious differences between sections from control and kainate-treated rats. Whereas control animals consistently exhibited relatively small presynaptic terminals terminating on dendritic spines of presumed granule cells (Fig. 6A) , synaptic terminals in the same dendritic region of kainate-treated rats were much larger (Fig. 6B,C) and exhibited the morphological features of large mossy fiber terminals, i.e., large terminals packed with synaptic vesicles and containing numerous mitochondria and dense-core vesicles (Amaral and Dent, 1981; Claiborne et al., 1986) .
Immunocytochemical electron microscopy
To complement the qualitative survey of interneuron innervation described above, we examined sections of the same tissue blocks after postembedding immunostaining for GABA. First, we looked at low magnification for large neuronal somata located at the base of the granule cell layer. We verified at higher magnification that these cell bodies were GABA-immunoreactive and showed characteristics of interneuron cell bodies, such as infolded nuclei, large amounts of perinuclear rough endoplasmic reticulum, and intranuclear inclusions (Ribak and Anderson, 1980) . We then traced, in serial sections, the ascending dendrites of these neurons to the inner molecular layer and studied their input synapses. In control tissue, GABApositive dendrites of granule cell layer somata were contacted by GABA-negative and GABA-positive boutons of approximately similar size (Fig. 7A1,2) . The GABAnegative boutons established asymmetric synaptic contacts, whereas the GABA-positive boutons formed symmetric synapses (Fig. 7A2) . Thin sections from the kainate-treated rat that exhibited the best ultrastructural preservation (shown in Figs. 4, 5) were GABA immunostained in parallel with sections from a matched control animal. This analysis revealed similar types of GABApositive and GABA-negative input synapses in both animals. However, in addition to small presynaptic boutons, we observed abnormally large boutons in the inner molecular layer of the kainate-treated rat that were densely filled with clear synaptic vesicles intermingled with a few dense-core vesicles (Fig. 7B1,2) . These large boutons, which often emerged from thin, unmyelinated preterminal axons (white arrow in Fig. 7B1 ), were consistently GABA negative and established asymmetric synaptic contacts with the GABA-positive dendrites (Fig. 7B1,2 ). These qualitative observations were corroborated by measurements of the mean area of all boutons in the inner molecular layer, which was nearly twice as large in the kainatetreated rat as in control sections [control: 0.237 Ϯ 0.004 m 2 ; KA-treated: 0.420 Ϯ 0.008 m 2 ; n ϭ 2,100 boutons counted in six sections (350 boutons per section) from the control and 2,100 boutons counted in six sections of the kainate-treated animal]. For boutons that were specifically in synaptic contact with GABA-positive dendrites, the mean bouton area was similarly nearly twice that of the control value (control: 0.357 Ϯ 0.022 m 2 ; KA-treated: 0.695 Ϯ 0.040 m 2 , n ϭ 2,100 boutons from each of the control and kainate-treated animals). A similar difference was observed when the mean perimeter lengths of boutons contacting GABA-positive dendrites were compared (control: 2.638 Ϯ 0.075 m; KA-treated: 3.690 Ϯ 0.123 m; n ϭ 2,100 boutons from each of the control and kainate-treated animals). The increase in perimeter reflected, in part, a more convoluted structure of the large boutons that we observed qualitatively in sections from the kainatetreated animal. No similar increase in the size of GABAergic terminals contacting interneuron dendrites in the inner molecular layer was apparent, suggesting a relatively selective change in the size of GABA-negative presynaptic terminals in the inner molecular layer 10 weeks post-SE.
DISCUSSION
The stated purposes of this study were to determine whether dentate granule cells become gradually more excitable as mossy fiber sprouting progresses and whether aberrant granule cell axons target inhibitory interneurons as well as granule cells. The primary findings of this study are that: 1) dentate granule cells in awake rats exhibited maximal hyperexcitability (multiple population spikes, decreased paired-pulse suppression, and a lowered seizure discharge threshold) immediately after kainate-induced SE, coincident with the initial neuron loss, and prior to mossy fiber sprouting; 2) initial granule cell hyperexcitability gradually converted to a hyperinhibited state char- Fig. 4 . Ultrastructure of the granule cell layer 10 weeks after saline or kainate (KA)-induced status epilepticus (SE). A: In a salinetreated control, an interneuron of the granule cell layer, exhibiting the characteristics of dentate basket cells (large soma with abundant cytoplasm and an infolded nucleus; Ribak and Anderson, 1980) , receives relatively small presynaptic terminals (boxed area magnified in inset) on its ascending dendrite. B: Ten weeks after KA-induced SE, a similar dentate basket cell receives numerous abnormally large presynaptic terminals (shown in inset) exhibiting the morphological characteristics of mossy fiber boutons (cytoplasm with tightly packed vesicles, mitochondria, and dense core vesicles), which form asymmetrical synapses with the dendrite. Scale bar ϭ 5 m in B (applies to A,B); 1.25 m for insets. Figure 4 . Note that the dendritic shaft and a rare dendritic spine (sp) receive dense synaptic input from abnormally large presynaptic terminals forming exclusively asymmetrical contacts (arrows). B1,2: In a serial section from the same interneuron, a different dendritic branch with a dendritic spine (sp) receives abnormally large presynaptic terminals (arrows) over much of the dendritic surface. Scale bar ϭ 0.75 m in B2; 1 m for A; 1.5 m for B1.
acterized by abnormally increased and prolonged pairedpulse suppression and an elevated seizure discharge threshold, both of which were reversed by the focal application of the GABA A receptor antagonist bicuculline within the granule cell layer; and 3) identified inhibitory interneurons of the granule cell layer, and GABAimmunopositive dendrites of the inner molecular layer of chronically hyperinhibited epileptic rats, were prominent targets of large mossy fiber terminals.
Gradual reversal of acute post-SE granule cell hyperexcitability
The repeated assessment of granule cell excitability in the same awake, freely moving animals revealed that maximal granule cell hyperexcitability developed coincidently with neuronal injury, prior to mossy fiber sprouting. Our observation that granule cells became immediately hyperexcitable to orthodromic afferent stimulation and that this hyperexcitability persisted throughout the first weeks after SE is consistent with the original description by Tauck and Nadler (1985) of granule cell hyperexcitability in response to antidromic stimulation in hippocampal slices during the 12-21 day period post-SE. Because granule cells are maximally hyperexcitable in vivo immediately after SE, and become progressively less excitable as mossy fiber sprouting develops, the early hyperexcitability first reported by Tauck and Nadler (1985) and attributed to mossy fiber sprouting cannot be caused by synaptic reorganization, which follows, rather than precedes, the hyperexcitability. This conclusion is supported by the original observation of Tauck and Nadler (1985) that granule cell hyperexcitability was not greater at 21 days post-SE than at 12 days post-SE, a time when mossy fiber sprouting is actively increasing in density and would be predicted to have resulted in increased excitability.
Inhibitory interneurons as targets of mossy fiber sprouting
Our anatomical analyses confirmed that aberrant Timm-positive mossy fibers target dentate inhibitory interneurons, as well as granule cells, as previously reported (Sloviter, 1992; Kotti et al., 1997; Wenzel et al., 2000; Buckmaster et al., 2002; Cavazos et al., 2003) , and that aberrant mossy fibers densely innervate inhibitory interneurons exhibiting the morphological characteristics of dentate basket cells. This conclusion is based on the following observations: 1) Timm-positive axonal varicosities were observed to surround parvalbumin-positive interneuron somata and dendrites in the inner molecular layer, which normally lacks this aberrant axonal projection; 2) aberrant Timm-positive fibers often left the main axon plexus in the inner molecular layer to climb the dendrite of a parvalbumin-positive interneuron, suggesting that inhibitory neuron elements just beyond the inner molecular layer may exert an attractive influence on aberrant granule cell axon collaterals not shared by granule cells; 3) electron microscopy revealed that some dentate inhibitory interneurons were virtually encrusted by abnormally large presynaptic terminals forming asymmetrical synapses and exhibiting the morphological features of large mossy fiber terminals; and 4) postembedding GABA immunostaining confirmed that abnormally large GABAnegative terminals of the inner molecular layer formed frequent asymmetrical synaptic contacts with GABAimmunopositive postsynaptic dendrites. Fig. 6 . Comparison of the morphological appearances of presynaptic terminals in the dentate inner molecular layer after saline or kainate (KA)-induced status epilepticus (SE). A: In a saline-treated control animal, a presynaptic terminal (asterisk) forms asymmetrical synapses on dendritic spines (sp) of presumed granule cell dendrites. B: Ten weeks post-SE, an abnormally large presynaptic terminal forms three asymmetrical synapses on dendritic spines (sp) of three presumed granule cell dendrites. C: Ten weeks post-SE, a section from a kainate-treated rat shows that the inner molecular layer contains abnormally large presynaptic terminals (asterisks) exhibiting the morphological features of large mossy fiber terminals. Scale bar ϭ 1.5 m in C (applies to A-C).
Possible functional implications
Mossy fiber sprouting has been observed in both human (Sutula et al., 1989; Houser et al., 1990; Babb et al., 1991; Zhang and Houser, 1999; de Lanerolle et al., 2003) and experimental (Nadler et al., 1980; Laurberg and Zimmer, 1981; Frotscher and Zimmer, 1983) tissues, and its presence has been hypothesized to constitute the formation of epileptogenic recurrent excitatory connections among normally unconnected granule cells (Tauck and Nadler, 1985; Sutula et al., 1988; Represa et al., 1993; Wuarin and Dudek, 1996) . The appealing concept of a newly formed, Fig. 7 . GABA immunocytochemical electron microscopy of the dentate inner molecular layer 10 weeks after saline or kainate (KA)-induced status epilepticus (SE). A1,2: In control sections, proximal dendrites of GABA-positive interneurons (D) are contacted by small immunonegative boutons (A1) establishing asymmetric synaptic contacts, and by GABA-positive terminals (A2) forming symmetric synapses. Arrows point to asymmetric synaptic contacts. B1,2: Ten weeks after kainate injection, numerous large terminals (B1), densely filled with clear synaptic vesicles, and containing dense-core vesicles (thick black arrows), emerge from thin, unmyelinated preterminal axons (white arrow in B1). These mossy fiber boutons establish asymmetric synaptic contacts (thin black arrows) with GABA-positive dendritic shafts (D). Scale bar ϭ 0.5 m in B2 (applies to A1-B2). recurrent excitatory circuit (Tauck and Nadler, 1985) developing within the normally tonically inhibited dentate gyrus (Winson and Abzug, 1978; Misgeld et al., 1986; Lambert and Jones, 1990; Staley and Mody, 1992; Jung and McNaughton, 1993; Chawla et al., 2005) received indirect support from the finding that normal recurrent excitatory connections among CA3 pyramidal cells are tonically suppressed by GABA-mediated inhibition (Miles and Wong, 1987) . This finding in a hippocampal region that normally contains recurrent excitatory interconnections implied that, if granule cells formed similar recurrent excitatory connections after injury, a decrease in GABA-mediated inhibition hypothesized to occur in epilepsy might occasionally unmask the interictally suppressed recurrent excitatory circuit lying beneath (Cronin et al., 1992) . This hypothesis has had considerable influence on the concept of epileptogenesis despite the observations that: 1) aberrant mossy fibers contact inhibitory interneurons (Sloviter, 1992; Kotti et al., 1997; Wenzel et al., 2000; Buckmaster et al., 2002; Cavazos et al., 2003) , as well as granule cells; 2) there is no evidence that granule cells become progressively hyperexcitable in vivo as mossy fiber sprouting progresses; and 3) there is no evidence that granule cells are a source of the spontaneous seizures that define post-SE rats as "epileptic" (Harvey and Sloviter, 2005) .
It has nonetheless been proposed that mossy fiber sprouting can be assumed to be predominantly excitatory, and essentially epileptogenic, in nature, because individual mossy fibers make more synaptic contacts with granule cells than they do with inhibitory interneurons (Buckmaster et al., 2002) . Based on the quantitative finding by Buckmaster et al. that each mossy fiber axon forms relatively few synaptic contacts with inhibitory interneurons, we conclude that the dense asymmetrical synaptic innervation of inhibitory basket cells by abnormally large presynaptic terminals represents a convergent input by many different aberrant mossy fibers onto the relatively small number of interneurons present. Given the extraordinarily divergent output of individual hippocampal inhibitory interneurons and the ability of small numbers of interneurons to influence a large number of targeted principal cells (Soriano and Frotscher, 1989; Soriano et al., 1990; Cobb et al., 1995; Sik et al., 1995 Sik et al., , 1997 Martinez et al., 1996) , convergent excitatory input to inhibitory interneurons from a large number of granule cells may result in an amplification of inhibitory output that may underlie the observed granule cell hyperinhibition. Thus, together with the results of our physiological recordings, our anatomical findings do not support the view that mossy fiber sprouting can be assumed to be predominantly excitatory at the network level. To the contrary, mossy fiber sprouting may constitute a predominantly inhibitory feedback circuit.
We suggest that initial granule cell hyperexcitability is the result of the extensive loss of vulnerable hilar neurons (Sloviter, 1987 (Sloviter, , 1991 Obenaus et al., 1993; Sloviter et al., 2003; Zappone and Sloviter, 2004) . The loss of hilar mossy cells, which normally project to the inner molecular layer, presumably triggers mossy fiber sprouting into this denervated subregion, which results in the gradual reinnervation of both inhibitory interneurons and granule cells that were partially deafferented by the initial mossy cell degeneration. Unlike granule cells, dentate inhibitory interneurons normally receive granule cell input (Ribak and Peterson, 1991; Blasco-Ibanez et al., 2000; Seress et al., 2001 ) and can therefore be assumed to possess all of the components of the intracellular signaling pathways that mediate normal interneuron-granule cell influences. The possibility that granule cells constitutively lack the cellular apparatus to respond fully to abnormal input from other granule cells might underlie the observation that direct interactions among granule cells are relatively weak in the synaptically reorganized dentate gyrus (Scharfman et al., 2003) , although this is clearly conjectural.
The finding that granule cells always became less, rather than more, excitable over time is consistent with physiological studies in epileptic patients that indicate chronic hippocampal hyperinhibition (Cherlow et al., 1977; Colder et al., 1996; Wilson et al., 1998) . The mechanism by which initial granule cell hyperexcitability is gradually reversed remains unclear and could conceivably involve a wide variety of mechanisms, including changes in GABA A receptor dynamics (Coulter, 2000; Cohen et al., 2003; Goodkin et al., 2005) . Given that some GABA neurons may act to synchronize principal cell behavior (Isokawa-Akesson et al., 1989) , and might conceivably be proepileptic in terms of their net effects (Maglóczky and Freund, 2005) , it has been hypothesized that an interictal hippocampal hyperinhibitory state might cause spontaneous hippocampal epileptiform discharges (Bragin et al., 2002; Engel et al., 2003) that then initiate the spontaneous behavioral seizures that develop in these animals (McNamara, 1999; Esclapez and Houser, 1999; Coulter, 2000) . However, in a recent study of awake, chronically epileptic, and synaptically reorganized pilocarpinetreated rats, we reported that interictal granule cell hyperinhibition extended to the ictal state (Harvey and Sloviter, 2005) . That is, during 235 spontaneous behavioral epileptic seizures, granule cell discharges never preceded the onset of the 235 spontaneous behavioral seizures. We have obtained identical results in kainate-treated rats during eight spontaneous behavioral seizures observed while recording bilateral granule cell activity in the course of this study (unpublished results) . Taken together, these data indicate that granule cell hyperinhibition in post-SE rats has not been shown to collapse or to initiate spontaneous granule cell epileptiform discharges. Thus, the hippocampus cannot be assumed to be a primary epileptic "focus" in rats subjected to prolonged SE initiated by kainate, or by pilocarpine (Harvey and Sloviter, 2005) , both of which produce far more severe and multifocal brain damage (Schwob et al., 1980; Turski et al., 1987) than that seen in human temporal lobe epilepsy (Sloviter, 2005) .
A recent study by Peng and Houser (2005) reported that epileptic, pilocarpine-treated mice exhibited c-Fos immunostaining in dentate granule cells after spontaneous behavioral seizures and suggested that granule cells might have been the source of the spontaneous seizures that they observed in their epileptic mice. However, we recently showed in epileptic pilocarpine-treated rats that, although granule cell discharges never preceded the onset of behavioral seizures, granule cells became c-Fos-positive when spontaneous seizures recruited granule cells to discharge (Harvey and Sloviter, 2005) . Thus, without electrophysiological data to indicate that granule cells discharged prior to the onset of the spontaneous behavioral seizures they observed in mice, the results of Peng and Houser (2005) are consistent with our finding that granule cells can be recruited by seizures that originate elsewhere and that, when they discharge, they become c-Fos positive (see Fig. 12 of Harvey and Sloviter, 2005) .
The lack of evidence indicating that the hippocampus of post-SE epileptic rats is itself "epileptic" raises questions about the common assumption that altered hippocampal parameters of structure and function in post-SE rats can be assumed to represent epileptogenic mechanisms. Clearly, in vitro analyses of hippocampi removed from post-SE epileptic animals, which exhibit widespread brain damage and seizures of undetermined origin (Bertram, 1997; Bertram et al., 2001; Harvey and Sloviter, 2005) , may tend to underemphasize the epileptogenic contribution of the unexamined extrahippocampal structures and to overemphasize the importance of the hippocampus by assuming, but not demonstrating, that the hippocampi of epileptic animals are "epileptic" (Tauck and Nadler, 1985; Wuarin and Dudek, 1996; Esclapez et al., 1997; Cossart et al., 2001; Bernard et al., 2004) .
CONCLUSIONS
Although the cellular mechanisms underlying the initial hyperexcitability and the subsequent hyperinhibition that we observed were not the subject of this study, our in vivo recordings made sequentially in the same awake and chronically epileptic rats clearly indicate that granule cells do not become gradually more excitable with time as mossy fiber sprouting progresses. To the contrary, granule cells of epileptic kainate-treated rats consistently become progressively less excitable, and appear chronically hyperinhibited, as previously reported (Sloviter, 1992; Buckmaster and Dudek, 1997; Wu and Leung, 2001 ). This hyperinhibitory state in kainate-treated rats appears to develop with a time course that parallels mossy fiber sprouting, as recently reported in pilocarpine-treated rats (Harvey and Sloviter, 2005) . As a working hypothesis, we suggest that mossy fiber sprouting gradually alters the initial inhibitory interneuron malfunction possibly caused by mossy cell degeneration (Sloviter, 1991 (Sloviter, , 1994 Sloviter et al., 2003) , by gradually replacing some of the lost mossy cell input to the inner molecular layer. Therefore, rather than playing a primarily excitatory and epileptogenic role, mossy fiber sprouting may reinstate some of the features of normal interneuron-granule cell interactions, thereby restoring the dentate gyrus, to some extent, toward its original state as a powerfully inhibited structure that is relatively resistant to discharging (Winson and Abzug, 1978; Misgeld et al., 1986; Lambert and Jones, 1990; Staley and Mody, 1992; Jung and McNaughton, 1993; Chawla et al., 2005) . Although it remains to be demonstrated that mossy fiber sprouting is causally related to the granule cell hyperinhibition that develops in vivo, we hypothesize that mossy fiber sprouting may play a clinically important role in retarding seizure spread (keeping subclinical seizures subclinical). Mossy fiber sprouting may also delay the occurrence of each spontaneous clinical seizure by impeding the recruitment of the dentate gyrus, which may play a role as an amplifying "gate" within the temporal lobe Abzug, 1977, 1978; Heinemann et al., 1992; Lothman et al., 1992) . Regardless, our previous (Harvey and Sloviter, 2005) and present findings in awake, chronically epileptic rats provide direct evidence against the hypothesis that mossy fiber sprouting necessarily constitutes an excitatory epileptogenic circuit in animals that exhibit spontaneous seizures of unknown origin following prolonged status epilepticus and widespread brain damage.
